Abstract: Reliable collapse assessment of structural systems under earthquake loading requires analytical models that are able to capture component deterioration in strength and stiffness. For calibration and validation of these models a large set of experimental data is needed. This paper discusses the development of a database on experimental data of steel components and the use of this database for quantification of important parameters that affect the cyclic moment-rotation relationship at plastic hinge regions in beams. Based on information deduced from the steel component database, empirical relationships for modeling of pre-capping plastic rotation, post-capping rotation and cyclic deterioration for beams with reduced beam section (RBS) and beams other than RBS are proposed. Quantitative information is also provided for modeling of the effective yield strength, post-yield strength ratio, residual strength, and ductile tearing of steel components subjected to cyclic loading.
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3 cyclic moment-rotation hysteresis diagrams, which are much needed for the development of deterioration parameters of steel components.
In this paper the primary focus is to provide information for the missing aspects of comprehensive modeling of the deterioration characteristics of structural steel components based on a recently developed database that includes comprehensive data of more than 300 experiments on steel wide flange beams (Lignos and Krawinkler 2007, 2009) . The experimental data is used to calibrate deterioration parameters of the phenomenological deterioration model summarized in the next section, and to develop relationships that associate parameters of this deterioration model with geometric and material properties that control deterioration in structural steel components.
Deterioration model
The deterioration model developed by , referred to as Ibarra-Krawinkler (IK) The modified IK model establishes strength bounds based on a monotonic backbone curve (see Fig.   1a ) and a set of rules that define the characteristics of hysteretic behavior between the bounds (see Fig.   1b ). For a bilinear hysteretic response three modes of cyclic deterioration are defined with respect to the backbone curve (basic strength, post-capping strength, and unloading/reloading stiffness deterioration) as illustrated in Fig. 1b . The model can be applied to any force-deformation relationship, but in this discussion is described in terms of moment and rotation quantities as defined in Fig The rates of cyclic deterioration are controlled by a rule developed by Rahnama and Krawinkler (1993) . This rule is based on the hysteretic energy dissipated when the component is subjected to cyclic loading. It is assumed that every component has a reference hysteretic energy dissipation capacity t E , which is an inherent property of the components regardless of the loading history applied to the component. The reference hysteretic energy dissipation capacity is expressed as a multiple of y p    , i.e., The same concepts apply to modeling of unloading stiffness deterioration, i.e., the deteriorated stiffness after excursion i is given by For each experiment of the database discussed in the next section, parameters of the modified IK model were determined by matching the digitized moment-rotation response to a hysteretic response controlled by the backbone curve shown in Fig. 1 ) and neural networks (Medsker and Jain 2000) . The former was partially unsuccessful because of the large number of variables, and the latter was found to be unreliable because the size of the steel database was too small to train the network.
The modified Ibarra Krawinkler deterioration model has been implemented in DRAIN-2DX (Prakash et al. 1993) and Open System for Earthquake Engineering Simulation (OpenSees 2010) analysis software. Collapse prediction of steel moment frames, which accounts for component deterioration based on the model parameters discussed in this publication, has been validated through comparisons with recent small and full scale shaking table collapse tests (Lignos and Krawinkler 2009; Lignos et al. 2010a Lignos et al. , 2010b .
A new database for deterioration modeling of steel components
The missing aspect of comprehensive modeling of deterioration characteristics of structural components is the availability of relationships that associate parameters of deterioration models, such as the ones discussed in the previous section, with geometric and material properties and detailing criteria that control deterioration in actual structural elements. In order to provide information for deterioration model parameters in support of collapse assessment of steel moment resisting frames, a data collection of component tests is needed in a consistent format that permits validation and calibration of deterioration models. For this purpose, three databases have been developed [(1) wide flange beams, (2) steel tubular sections and (3) concrete beams. The focus of this paper is in the first one. More information about the other two databases can be found in Lignos and Krawinkler (2009, 2010 In the evaluation of modeling parameters presented in the subsequent sections, the data of the Wsection database are subdivided into RBS data and other-than-RBS data. The latter contained results from 
Trends for deformation modeling parameters
This section illustrates trends that show the dependence of modeling parameters ( p  , pc  , and  ) on (1) contains experiments on small sections, which are useful to observe trends but conceivably de-emphasize trends for the sizes of sections used in engineering practice to design a steel moment resisting frame in a seismic region. This is why we have generated data sets (3) and (4), which are subsets that contain only beams with d  533mm (21"). However, for beams with RBS there are no tests available with d  457mm (18") hence data sets (2) and (4) 
Dependence of modeling parameters on shear span to depth ratio L d
Based on simple curvature analysis with disregard of local instabilities, p  of a given beam section is perceived to be linearly proportional to the beam shear span L (distance from plastic hinge location to point of inflection). This perception is supported by the plot in Fig. 5a , which shows the dependence of p  on L/d for the full other-than-RBS data set [beams with 102mm (4")
But the strong dependence on L/d is not evident when only beams of depth ≥ 533mm (21") are considered (see Fig. 5b ). The reason is that most deep beams are susceptible to a predominance of web buckling and lateral torsional buckling, and both of these susceptibilities increase with a decrease in the moment gradient (more uniform moment, as implied by an increase in the L d ratio). This phenomenon offsets much of the curvature integration effect for a larger plastic hinge length. Based on this information it is concluded that for beams with depth ≥ 533mm (21") a description of beam plastic deformation capacity in terms 
Dependence of modeling parameters on the depth to thickness ratio of the beam web w h t
This geometric parameter is found to be very important for all three modeling parameters (see Fig. 6 ).
The reason is that a beam with large 
The large values of regression coefficients for web depth over thickness ratio w h t , beam depth d, and span to depth ratio / L d confirm trends pointed out previously. Figure 7a shows data points for predictions obtained from Eq. (7) plotted against the data points obtained from experimental results based on the calibration process described earlier in this paper.
For the data set of beams with d ≥ 533mm (21" (10) to (12) agree with the ones from earlier studies by Axhag (1995) and White and Barth (1998) . These researchers proposed empirical equations for predicting the descending slope of the moment-rotation curve of beams and concluded that flange and web local buckling are the primary contributors to the descending slope of the beams.
Reference cumulative plastic rotation Λ
As discussed earlier, the reference cumulative plastic rotation  is a parameter that defines the rate of cyclic deterioration. The specimens considered for the development of predictive equations for  are the ones that fail in a ductile manner and for which cyclic deterioration is clearly observed. All modes of cyclic deterioration are assumed to be defined by the same  . The exponent c of Eq. (3) is kept equal to 1.0 for the sake of simplicity.
Equation (13) Experimental data with the following range of parameters are used in deriving Eqs (7) to (15): A c c e p t e d M a n u s c r i p t
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18 sections (Newell and Uang 2006) and have been found to provide reasonably close values of experimentally obtained modeling parameters. Until more tests on columns become available, the above equations provide the best estimates that can be offered for columns. Tables 1 and 2 summarize the variation of deterioration parameters for beams other-than RBS and with RBS, respectively, for a range of sections (W21 to W36) that satisfy seismic compactness criteria.
The range of deterioration parameter values is also reflected in the cumulative distribution functions of these parameters presented in Fig. 3 . Sections whose geometric or material properties are slightly outside the range of properties, on which the predictive equations are based, are marked with an asterisk.
Effective yield strength y


As mentioned previously, the modified IK deterioration model does not account for cyclic hardening. But the effect of isotropic hardening is incorporated approximately by increasing the yield moment (bending strength) to an effective value y  that accounts for isotropic hardening in average. The effective yield strength typically is larger by a small amount than the predicted bending strength , y p  , which is defined as the plastic section modulus Z times the measured material yield strength obtained from coupon tests. Options exist for more refined modeling that account explicitly for combined isotropic and kinematic hardening (e.g., Sivaselvan and Reinhorn 2002; Jin and El-Tawil 2003) . Such options were not incorporated to keep the model relatively simple for engineering implementation.   ratios define the strain hardening stiffness of the backbone curve shown in Fig. 1a .
Post-yield strength ratio
This stiffness is important because of its effect on the P   stability of a structural system (Medina and Krawinkler 2003) . Table 3   is a more stable parameter to describe post-yield strength increase than the traditional strain hardening ratio because the latter depends strongly on yield rotation, which in turn depends strongly on the beam span selected in the experiment, i.e., on the moment gradient. Experimental data used in this study have shown that the strength increase beyond yielding is much less sensitive to the moment gradient than the yield rotation, which is linearly proportional to the beam span.
Residual strength ratio 
Low cycle fatigue experimental studies (Krawinkler et al. 1983; Ricles et al. 2004 ) indicate four ranges of cyclic deterioration: a range of negligible deterioration in which local instabilities have not yet occurred or are insignificant. The second range involves an almost constant rate of cyclic deterioration due to continuous growth of local buckles. In the third range, deterioration proceeds at a very slow rate due to the stabilization in buckle size. This range is associated with the residual strength of a steel component.
These three ranges are followed by a range of very rapid deterioration, which is caused by crack propagation at local buckles (ductile tearing). From the data sets for W-sections a residual strength ratio  = M r /M y of about 0.4 is suggested for sets (3) and (4). This value is based on a relatively small set of data points from which an estimate of  could be made with confidence. In order to assess residual strength more reliably, more experiments with very large deformation cycles need to be conducted.
Ultimate rotation capacity u 
At very large inelastic rotations cracks may develop in the steel base material close to the apex of the most severe local buckle, and rapid crack propagation will then occur followed by ductile tearing and Estimates of u  are made here only for experiments with step-wise increasing cycles of the type required in the AISC (2005) seismic specifications. For beams other-than-RBS an estimate of u  is 0.05 to 0.06 radians based on available data from various researchers (Allen et al. 1996; Ricles et al. 2000) . For beams with RBS, an estimate of u  is 0.06 to 0.07 radians (Engelhardt et al. 2000; Ricles et al. 2004 ). For monotonic type of loading u  is on the order of three times as large as the u  values reported above for symmetric cyclic loading protocols. Ductile tearing is not found to be critical in analytical studies in which the collapse capacity of a steel moment resisting frame has been evaluated because steel frame structures approach their collapse capacity usually before ductile tearing occurs ( 
Conclusions
This paper is concerned with deterioration modeling of steel components based on a recently developed database on experimental studies of wide flange beams. The database of more than 300 specimens contains, in consistent format, extensive information of worldwide experimental data on components that have been subjected to monotonic and cyclic loading. The steel database can serve for validation and improvement of deterioration models used for collapse assessment of steel moment resisting frames.
Based on statistical evaluation of calibrated moment rotation diagrams obtained from tests included in this database, and with the use of multivariate regression analysis, empirical equations are proposed that predict the deterioration modeling parameters p  , pc  and  of beams with reduced beam sections (RBS) Submitted February 16, 2010; accepted December 27, 2010; posted ahead of print December 30, 2010 . doi:10.1061 /(ASCE)ST.1943 A c c e p t e d 26 Krawinkler, H., Zohrei, M., Irvani, B. L., Cofie, N., and Tamjed, H, H. (1983 
